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DNA damage response pathways are essential for genome stability and cell 26 survival. Specifically, the ATR kinase is activated by DNA replication stress. An 27 early event in this activation is the recruitment and phosphorylation of RPA, a 28 single stranded DNA binding complex composed of three subunits, 29 RPA70,RPA32 and RPA14. We have previously shown that the LIM protein 30
Ajuba associates with RPA, and that depletion of Ajuba leads to potent activation 31 of ATR. In this study, we show evidence that the Ajuba-RPA interaction occurs 32 through direct protein contact with RPA70, and that their association is cell cycle-33 regulated and is reduced upon DNA replication stress. We propose a model in 34
which Ajuba negatively regulates the ATR pathway by directly interacting with 35 RPA70, thereby preventing an inappropriate ATR activation. Our results provide 36 a framework to understand the mechanism of regulation of ATR in human cells, 37 which is important to prevent cellular transformation and tumorigenesis. RPA plays a crucial role in the ATR activation pathway. RPA is a trimeric 69 complex composed of the three subunits RPA70, RPA32 and RPA14 (9). This 70 complex constitutes an important single stranded DNA binding complex, which 71 binds DNA with high affinity (10) (and ref. therein) . DNA binding is mediated by 72 specific domains in RPA70 and RPA32, which adopt a structural pattern called 73 OB-fold (for oligosaccharide/oligonucleotide binding) (11) (12). The trimeric RPA 74 complex possesses six such OB folds, with RPA70 (4), RPA32 (1) and RPA14 75
(1). The RPA14 subunit is essential for stability of the complex (12). The N-76 terminal OB fold in RPA70 (termed RPA70N (6)) represents a platform for the 77 assembly of RAD9 and ATRIP-ATR, necessary for the recruitment of TOPBP1, 78 the activator of ATR kinase (6) (13). RPA is essential for DNA replication, by 79 allowing fork progression and lagging strand synthesis, for recombination, by 80 catalyzing strand invasion, and DNA repair, by being involved, among other 81 activities, in ATR activation. In DNA repair, RPA possesses both structural and 82 signaling roles. The complex has a structural role given its ability to bind single 83 stranded DNA, thereby preventing secondary structures incompatible with 84 replication or repair, and a signaling role related to the assembly of the ATR 85 activation complex on RPA70N. We have previously implicated the LIM protein 86
Ajuba as a new player in the ATR pathway (14) . The LIM superfamily of proteins, 87 constituted by 60 members in the human proteome, is subdivided into seventeen 88 families, all with predicted LIM domains in various arrangements (15) (16). LIM 89 domains are known protein interaction domains that present distinctive loops 90 defined by interactions between Cys and His residues coordinating a Zn ion (16).
Ajuba itself is part of the Zyxin family, which in addition includes TRIP6 and LPP, 92 two components that are involved in telomere protection, through binding of the 93 OB fold protein POT1 (17) (18). The Zyxin family is characterized by the 94 presence of three C-terminal LIM domains (16). We have shown that Ajuba acts 95 as a negative regulator of ATR in unperturbed cells (14) . Notably, upon depletion 96 of the protein, cells experience S phase delay along with strong activation of 97 Chk1, a known ATR substrate, and undergo apoptosis. Our current model is that 98
Ajuba exerts an inhibitory activity to full-blown activation of the ATR kinase, and 99 is essential to prevent cell death by apoptosis in unperturbed cells. This inhibitory 100 effect correlates with our observation that Ajuba associates with the RPA 101 complex in the cell (14), and thus associates with a core component of early ATR 102 activation. In this study, we show that the interaction between Ajuba and the 103 RPA complex is direct and occurs through the RPA70 subunit. We found that this 104 association occurs in the nucleus, and that the amounts of Ajuba along with the 105 degree of co-localization between Ajuba and RPA are increased in S phase, 106 suggesting cell cycle-dependent regulation of the localization of Ajuba, and 107 perhaps of its interaction with RPA as well. We show that hydroxyurea, known to 108 induce DNA replication stress and activation of ATR, leads to dissociation of phosphorylation of RPA32 (1C, left panel). The same effect of hydroxyurea of 138 reducing the pull down of RPA by Ajuba is seen for RPA70 ( Fig.S1 ), arguing for a 139 dissociation of Ajuba with the whole RPA complex under condition of replication 140 stress. In addition, the overall amounts of Ajuba are unchanged during 141 hydroxyurea treatment ( Fig.S4) , showing that the decrease in the amounts of 142
Ajuba is not due to a reduction in protein stability. Since hydroxyurea treatment 143 influences the cell cycle profile in culture, by enriching for cells in S phase ( Fig.  144 S3), we asked whether the dissociation of Ajuba and RPA was a result of cell 145 cycle stage. We therefore synchronized cells in G1 through a double thymidine 146 block, released the cells in S phase and probed for possible Ajuba-RPA 147 dissociation ( Fig.1C , right panel). We found no perceptible effect on the amount 148 of Ajuba associated with RPA in mostly S phase cells, and concluded that the 149 dissociation seen upon hydroxyurea treatment was not merely due to delay in S 150 phase, and therefore was the consequence of DNA replication stress. Finally, the 151 association of Ajuba with RPA and the effect of hydroxyurea are not a specific 152 cell-line or tumor phenotype, since the same observations were done using 153 IMR90 cells, a normal diploid human fibroblast cell line (Figs. S1, S2, S3). 154
Ajuba nuclear localization is cell cycle regulated, and is significantly 155 increased in S phase 156
Whereas the RPA complex is localized in the nucleus, Ajuba possesses a 157 complex intracellular trafficking: as other members of the Zyxin LIM family, it is 158 mostly present in the cytoplasm, where it is involved in cell-cell and cell-matrix 159 adhesion, and is actively shuttled in and out of the nucleus by virtue of a discernible nuclear export sequence (NES). Thus, a small pool of Ajuba (about 161 10%, S.K. and D.L., unpublished) is present at steady state in the nucleus. Given 162 the dynamic trafficking of Ajuba, and our observation that it controls ATR 163 activation in S phase, we probed whether the localization of Ajuba was 164 dependent on the cell cycle. In unsynchronized cells, about 33% of the cells 165 showed a clear nuclear staining pattern for Ajuba as shown in Fig. S5A , in 166 HTC75 and IMR90 cells. In those, the staining pattern for Ajuba exhibited clearly 167 distinguishable foci, overlayed on an overall diffuse nuclear staining pattern. In 168 cells synchronized and released in S phase, we found a clear increase in the 169 fraction of cells containing nuclear Ajuba (Fig.2) : the percentage increased to 170 68.9% at the 4-hr time point, corresponding to mid-S phase, and was followed by 171 a decrease to 46.8% at the 6hr time point (Fig.2) . The 0 hr time point (G1 cells) 172 showed no significant difference with unsynchronized cells, arguing that the 33% 173 of cells with nuclear Ajuba correspond mostly to nuclear Ajuba in G1. Therefore, 174
we conclude that a fraction of Ajuba is present in the nucleus throughout the cell 175 cycle, but that a significant increase in nuclear accumulation occurs during S 176 phase. This increase could occur through a combination of effects on the flow of 177 nuclear import, and the efficiency of export through the NES in the molecule. We To address whether Ajuba-RPA interaction takes place in the nucleus, we 185 performed co-immunofluoresence for both proteins in HTC75 and IMR90 cells. 186
We found a significant degree of co-localization in the nucleus, in 187 unsynchronized cells (Fig.S5A ). The co-localization was observed specifically 188 with the Ajuba signal that was found in foci, and only in a subpopulation of cells. 189
Given our result that Ajuba appeared enriched in S phase nuclei, we asked 190 whether the co-localization between Ajuba and RPA occurred primarily in S 191 phase. We therefore repeated the experiment with cells released in S phase, and 192
found that the percentage of nuclei exhibiting more than 3 nuclear foci for both 193 Ajuba and RPA70 greatly increased up to mid S phase (4hr time point), from 194 17.6% to 61.9%, then decreased to 27.4% (6hr time point) ( Fig.3 ). Again, cells in 195 G1 (0hr) did exhibit some level of co-localization (17%), but to a lesser degree 196 compared to unsynchronized cells (17.6% versus 27.5%). Thus, the amounts of 197
Ajuba and degree of association with the RPA complex are not exclusive to S 198 phase, but appear to be highly enriched at an interval representing early to mid-S 199 phase. In each nucleus, the degree of co-localization in foci was not complete, 200
indicating that some sites containing Ajuba remain to be identified. We looked at 201 the possibility of co-localization between and Ajuba and PCNA, essential for 202 lagging strand synthesis. We did find significant co-localization between Ajuba 203 and PCNA as well ( Fig.S6) . It is therefore possible that some of the nuclear 204
Ajuba interacts with the RPA70 subunit directly 206
The association between Ajuba and the RPA complex could be indirect and 207 mediated by additional factors, or direct through protein-protein interaction 208
between Ajuba and one of the subunits. We investigated whether a direct protein 209 contact could be detected between Ajuba and one of the RPA subunits. To this 210 end, the in vitro translation system using rabbit reticulocyte lysates was 211 employed to address the nature of interaction between Ajuba and RPA. Each of 212 the RPA subunit was cloned into pCMVTnT vector and Ajuba was cloned into a 213 N-terminal His-tagged vector (pcDNA 3.1/His B). Ajuba was co-translated with 214 each of the RPA subunits separately and the reaction mixtures were subjected to 215
His-tag pulldown using nickel beads. As shown in Figure 4A , Ajuba was found to 216 pull down with the large subunit of the RPA complex, RPA70. Quantitative 217 analysis of pull down efficiencies showed that 61.9% of the in vitro translated 218 RPA70 was precipitated by HIS-Ajuba, with RPA32 yielding only background 219 (13%) ( Fig.4B ). As a control, we probed whether Ajuba could associate with 220 POT1, the OB fold telomeric single strand binding protein. There was no 221 detectable binding between the two (Fig. S8 ). Our data indicate that there is a 222 direct and specific contact between Ajuba and the RPA complex, through the 223 RPA70 subunit. 224
Direct contact between RPA70 and Ajuba is mediated by OB fold A of 225

RPA70 and the central region of Ajuba 226
The Ajuba-RPA70 interaction prompted us to further define the region on both 227 proteins that mediate this interaction. In order to map the region of interaction, truncation alleles of RPA70 were generated by PCR and cloned into pCMVTnT 229 vector. The N-terminus of RPA70, OB fold F, has been extensively studied for its 230 function as an "interaction hub" with proteins involved in DNA damage and 231 checkpoint response (6). In the central region of RPA70, OB folds A and B have 232 been shown to associate with proteins involved in DNA replication and repair. At 233 the C-terminus, OB fold C was shown to be involved in subunit interaction (12). yield very similar to full-length RPA70 (Fig. 5A ). When half of OB fold A was 242 truncated, the pull down with full-length Ajuba was decreased to 58.7%, with full-243 length RPA70 being set at 100% (Fig. 5B, 6A ). OB fold F, as well as an allele 244 containing only OB folds B and C, showed minimal binding activity with full-length 245 Ajuba (Fig. 6A, S7 ). Taken together, Ajuba physically contacts OB ABC of 246 RPA70 and not OB F in vitro. In particular, OB fold A seemed to be the most 247 important region for the interaction. We attempted to test whether OB fold A was sufficient for the interaction by 249 testing an allele fusing OB fold A with OB fold F. Since OB F did not exhibit 250 interaction with Ajuba, any binding activity would be ascribed to OB fold A. Surprisingly, OB F+A did not exhibit any major increase in binding with Ajuba 252 compared to OB F alone ( Fig 6A) . Collectively, our data suggests that OB A is 253 necessary but not sufficient for the interaction with Ajuba, and possibly other 254 domains in RPA70 are required to reconstitute full binding activity. 255
We also sought to identify interaction domains in Ajuba. A previous study has 256 RPA70 and subjected to binding assays with nickel beads. Figure 5C and 5D 261
show that both Ajuba alleles exhibit very low binding activity. 262
We hypothesized that the actual binding domain in Ajuba was severed in our 263 initial constructs, and might lie between the pre-LIM and LIM regions. We then 264 Ajuba participates in this physical contact with RPA70, along with other possible 276 motifs. Our model then is that the central portion in Ajuba, between residues 337 277 and 397, mediates a direct interaction with OB fold A of RPA70, between 278 residues 169 and 300. Our model for this interaction is shown in Fig. S9 . 279
Hydroxyurea leads to significantly diminished nuclear accumulation of 280
Ajuba 281
The decreased association of Ajuba with RPA in cells experiencing DNA 282 replication stress, combined with the enrichment of Ajuba in S phase nuclei 283 prompted us to ask whether hydroxyurea could influence the intracellular 284 localization of Ajuba: possibly, the dissociation of Ajuba from RPA could lead to 285 active export in conditions of ATR activation. Cells were treated with 2mM 286 hydroxyurea for 24hr and the localization of Ajuba was assessed. We found that 287 the nuclear accumulation of Ajuba was greatly reduced, from 38% in controls to 288 16.7% in cells treated with 2mM HU (Fig.7) . OB-F or RPA70N) (6) (7). The RPA70 subunit, therefore, represents a platform 304 onto which RAD9, part of the activation 9-1-1 complex (RAD9-RAD1-HUS1), 305
TopBP1 and ATR-ATRIP are recruited, leading to autophosphorylation of ATR 306 and induction of the kinase (8) . While the assembly of the ATR activation 307 complex can occur in vitro in a purified system, little is know about how ATR 308 activation is prevented from occurring under non-inducing conditions. We have 309
proposed, based on an earlier study, that Ajuba plays an important role in this 310 context (14). Given the observations that depletion of Ajuba leads to the 311 induction of ATR in absence of any damage or causative agent, we have 312 proposed that Ajuba acts as an inhibitor of ATR induction. We have also 313 discovered that Ajuba associates with RPA, placing it at the core of ATR 314 activation. Here, we show that the association between Ajuba and RPA is direct, 315 through a contact with RPA70, and that, in cells, activation of ATR by 316 hydroxyurea leads to dissociation of Ajuba from RPA accompanied by a strong 317 reduction in nuclear accumulation. Our view is that the ATR activation complex is 318 poised for assembly on the RPA70 recruitment platform, and that Ajuba must be 319 dissociated from RPA for activation to occur. Whether Ajuba acts specifically in S phase remains to be determined, but our data suggest that its activity is 321 especially important for S phase progression, given that depletion of the protein 322 eventually leads to strong apoptotic signals, with the remaining cells being mostly 323 delayed in S phase. 324
Ajuba has been described in a different setting, in maintaining the structure of 325 desmosomes at cell adhesion sites (21). Indeed, the majority of the protein is Another possibility could be that DNA damage induces a posttranslational 362 modification of Ajuba itself, resulting in a decrease in affinity for RPA. These are 363 testable models for future studies. Finally, our model proposes that Ajuba is 364 involved in local activation of the kinase, and is important to prevent a global 365 response: it could explain activation of ATR at a single replication fork, or at a specific site of DNA damage in the genome, and how the response is elicited 367 locally, while kept at bay globally elsewhere in the genome. We propose that this 368 type of regulation is essential to cell viability in order to impart the right dosage of 369 a response essential to genome integrity, but which, when hyper-activated, would 370 lead to cell death by apoptosis. Ajuba would then allow a "fine tuning" of the ATR 371 response, by preventing the ATR pathway to be activated at places other than 372 the actual site of damage and keeping the response locally constrained. It would 373 be interesting to address whether Ajuba is implicated in other RPA-dependent 374 responses, such as homology-directed repair, or interstrand crosslink repair (25) . were employed. HTC75 is a derivative of HT1080 (human fibrosarcoma). IMR90 415 was used at population doubling 30. HTC75 cells were cultured in DMEM 416 (Cellgro) with 10% BCS (HyClone), 1% penicillin and streptomycin (Cellgro) and 417 1% L-glutamine (Gibco). IMR90 cells were cultured in DMEM with 20% FBS 418 (ClonTech), and 1% penicillin and streptomycin. Both cell lines were grown in cell 419 culture incubator at 37C with 5% CO 2 . 420
Hydroxyurea treatment and double thymidine block 421
Hydroxyurea (Thermo Scientific) was added to the medium to a final 422 concentration of 2mM. Cells were collected after 24 hours of treatment. 423 Double thymidine block was performed by adding 2mM thymidine (final 424 concentration) to the media. Cells were synchronized for 18 hours, rinsed with 425 PBS, and fresh media was added to release for 10 hours. Thymidine (2mM final 426 concentration) was added the second time for 18 hours. Cells were rinsed with 427 PBS and fresh media was added to release cells from G1/S border for hours 428 indicated. 429
Co-Immunoprecipitation 430
Cell extracts preparation and protocol were carried out as described in (26). 431
Co-immunofluorescence 432
HTC75 and IMR90 cells were grown on glass coverslips and were washed twice 433 with PBS at room temperature. Nucleoplasmic proteins were extracted with 434 PBS twice and fixed in 3% paraformaldehyde/2% sucrose in PBS for 10 minutes 436 at room temperature. Cells were washed with Triton X-100 buffer for 10 minutes 437 at room temperature and washed with PBS twice (5 minutes each). Blocked with 438 PBG for 30 minutes at RT. Added primary antibody diluted in PBG (Ajuba 
